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* .  NAVIGATICPJ BY AFtTIFICIAL EARTH SATELLITES 

H O C  .Freiesleben* n 

The use of a r t i f i c i a l  

s ta t ionary  types, f o r  i satell i tes,  both var iable-orbi t  and 

posit ion f M n g  i n  sea and a i r  navi- 

gation is  discussed, with a review of ex is t ing  system such 

as t h e  US Transit and Secor s a t e l l i t e s .  

f o r  navigation over ex is t ing  ground s t a t ions  and a world- 

wide network, using a &-sa te l l i t e  system, a r e  mentioned 

b r i e f ly .  Use of high-orbit satellites with synchronized 

clocks and interrogat ion systems is  mentioned. 

Future projects 

A r t i f i c i a l  ea r th  s a t e l l i t e s  a r e  desirable  as navigation a i d s  f o r  posi t ion 

f ix ing  wherever o the r  means f a i l ,  i .e. ,  primarily on long distances over oceans 

o r  i n  f l i g h t s  over t h e  polar zones. 

population and c iv i l i za t ion ,  a i r  t r a f f i c  has other  means f o r  navigation, which 

Over continents, with s u f f i c i e n t l y  dense 

is  t r u e  a l so  f o r  ships i n  coastal  waters. Above and on the  oceans, c e l e s t i a l  

navigation s t i l l  remains the  mst important a id  i n  posi t ion f ixing.  A br ie f  

survey over t h i s  f i e l d  readi ly  shows the p o s s i b i l i t i e s  of navigation by means 

of a r t i f i c i a l  s a t e l l i t e s ,  as w e l l  as the  bas ic  pr inciples .  

t . i ~ n  angle h of a celestial body furnishes a correlat ion between t h i s  datum and 

a l l  pairs of values of l a t i t u d e  'p and longitude A ,  f o r  which t h i s  value can be 

observed . 

Measuring t h e  eleva- 

* Symposium "Data Transmission and Navigation i n  Cosmic Space**, German Associa- 
t i o n  f o r  Rocket Technique and Space Research, April  8, 1965 Munich. 

'w Numbers i n  t h e  margin indicate  pagination i n  t h e  o r ig ina l  fore ign  text. 
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Mat hemati cal-analyt i ca l l y  , the  f o mula  reads 

cos z = s i n  h = s i n  'p s i n  6 + cos cp cos 6 cos (A - &,) 

Geometrically, a c i r c l e  with t h e  radius z and t h e  center  6 ,  A, i s  i n  question 

on the  globe. 

.ration h (Fig.1). 

All l o c i  on t h i s  c i r c l e  s igh t  t h e  c e l e s t i a l  angle under t h e  ele- 

If the  t r u e  locus of a given vehicle is  t o  be defined, f r o m  which f i x e s  are 

taken, two such base l i n e s  a r e  required. 

t h e  dis tance from sea l eve l  i s  so short  that it is permissible t o  assume an area 

p a r a l l e l  t o  the e a r t h t s  surface on which the  data  f o r  l a t i t u d e  and longitude are 

defined. The height of t he  area above sea l e v e l  must be determined d i f f e ren t ly .  

This is a l so  t r u e  f o r  a i r c r a f t ,  s ince  

All posit ion fixes f o r  navigation can be reduced t o  t h i s  basic  pr inciple ,  

no matter whether o p t i c a l  o r  radio a i d s  are involved i n  t h e  observation o r  

whether one o r  two  ob jec ts  a r e  i n  question. The result always is  a formula 

F(y, h ,  t e s t  datum, parameter) = 0 

which represents a base l i n e  on t h e  globe. 

With respect to navigation methods by means of satel l i tes ,  it is of im- 

portance t o  define w h a t  data might be obtainable and w h a t  "parameters" w i l l  

e n t e r  t h e  formula. To start with t h e  second item: The formula f o r  c e l e s t i a l  /2 

pos i t ion  f ix ing  contains coordinates of t h e  c e l e s t i a l  body which can be visu- 

a l i z e d  as image p i n t  on t h e  earth 's  surface. 

t ransmi t te rs ,  lighthouse towers) , t h e i r  coordinates i n  l a t i t u d e  and longitude 

are parameters. This can be no d i f fe ren t  i n  satell i tes.  Here again, reference 

i s  made to t h e  image point,  i.e., the  in te rsec t ion  of t h e  connecting l i n e  be- 

tween satel l i te  and ea r th  center w i t h  t h e  e a r t h f s  surface.  

i n  t h e  case of  na tura l  ce l e s t i a lbod ies ,  is var iable  because of the  ear th 's  

I n  terrestr ia l  objects  ( radio 

Whereas t h i s  p i n t ,  
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r o t a t i o n  but s t i l l  can be calculated i n  a simple manner (which merely becomes 

somewhat more complicated i n  the  case o f  t h e  moon, planets,  and sun because of 

t h e i r  motion r e l a t ive  t o  the  fixed stars), i n  t h e  case of satel l i tes  t h e i r  o rb i t -  

a l  motion must be known. In  fact ,  t h i s  motion m u s t  be qui te  accurately defined, 

and i n  satell i tes with a r e l a t ive ly  low o r b i t  t he  t i m e  coordinates must be w e l l  

known. 

The locus of t he  s a t e l l i t e  i n  three-dimensional space is  fixed by th ree  

parameters. Relative t o  the  observation p i n t ,  th ree  coordinates are involved 

which a l l  can be used as tes t  data  i f  they are conceived as polar coordinates, 

i . e  , as two d i rec t ions  (elevation and azimuth) and range. 

move qui te  near t he  ear th  and thus rapidly vary these th ree  coordinates. 

contrast  t o  natural  c e l e s t i a l  bodies, such changes can probably be used as tes t  

data .  

Most s a t e l l i t e s  

I n  

The d i rec t ion  of  a c e l e s t i a l  body, i n  sea and a i r  navigation, is  measured 

r e l a t i v e  t o  a reference d i rec t ion  which, i n  the  case of sea navigation, might 

be t h e  elevation angle above the  v is ib le  horizon known a l s o  as sea horizon. 

Optical  observations of satell i tes are  unsuitable f o r  purposes of  navigation. 

If natural c e l e s t i a l  bodies are available,  they will be used preferably. The 

temptation t o  use satel l i tes  even i n  such a case could l i e  i n  t h e  expected 

grea te r  measuring accuracy which is  offered by an a r t i f i c i a l  s a t e l l i t e  i n  con- 

trast t o  natural c e l e s t i a l  bodies. 

gat ion on board sh ip  always depends on t h e  accuracy w i t h  which the  bearing can 

be defined. 

sible, Fn which case inv i s ib l e  radiat ion i s  t o  be given preference; however, 

accura te  bearings must be established on board. Despite t h i s  d i f f i c u l t y ,  it i s  

hoped t h a t  f i x e s  can be taken i n  t h e  fu tu re  by means of radio sextants (Fig.2) 

3 

Sowever, t h i s  aczarxy fzr r l i r e c t i e ~ ~ 1 1  navi - 

Thus, d i r ec t iona l  navigation by a r t i f i c i a l  satellites is  w e l l  pos- 



Here, a ce r t a in  f a c i l i t a t i o n  might be obtained by measuring var ia t ions in direc- 

t i o n  r a the r  than t h e  d i rec t ions  themselves, s ince then an  approximate bearing, 

which i s  s t ab le  over only shor t  time in te rva ls ,  would be su f f i c i en t .  /3 
In contrast  t o  t he  four  above poss ib i l i t i e s ,  of which none has been used 

t o  date ,  no reference d i rec t ion  and no d i r ec t iona l  antennas are needed f o r  ob- 

se rva t ion  of dis tances  and var ia t ions i n  distance.  Already i n  observations of 

Sputnik I, it was possible t o  note the  Doppler e f fec t  of t h e  rapidly approaching 

and receding carrier of a t ransmit ter ,  as w e l l  as the  difference i n  the  f r e -  

quency/time curve on t r a n s i t  of  t h e  s a t e l l i t e  over t he  horizon of a s t a t i o n  on 

a close o r  mre d i s t a n t  o r b i t  (Fig.3). 

of Baltimore developed the  navigation method known as 'Transit". 

portant  cha rac t e r i s t i c  of t h i s  method i s  that the  satell i te,  during one pass 

over the  horizon of the  observer who wishes t o  use the  sa te l l i t e  f o r  posi t ion 

f ix ing ,  constantly transmits t h e  same frequency and that t h e  observer has a 

similar constant control  frequency available.  Both requirements have been m e t ,  

although - i n  view of  t he  influence of t h e  ionosphere - only by t h e  a r t i f i c e  of 

t h e  simultaneous observation of two frequencies, which created t h e  poss ib i l i t y  

of eliminating, i n  first approximation, t he  in te r fe r ing  influence of  t he  iono- 

sphere which f a l s i f i e d  t h e  frequency measurement. 

An American I n s t i t u t e  of t h e  University 

The most i m -  

I n  t h e  Transi t  method, the  condition of the  base l i n e  is  somewhat mre 

U A A A A b U I Y  ---'+ t o  define msf.hemt,i call?. Therefore, it should be su f f i c i en t  t o  men- 

t i o n  here that a t  least four  independent measurements, uniformly d is t r ibu ted  i n  

time, m u s t  be ava i lab le  while the s a t e l l i t e  is  above t h e  horizon. In  addi t ion  

t o  l a t i t u d e  and longitude which must be determined, t h e  l o c a l  radius vector  t o  

t h e  center of t h e  ea r th  must be taken in to  consideration - the  assumption of 

sphe r i ca l  shape i s  not su f f i c i en t  i n  t h i s  method - and t h e  true frequency is  



entered as an unknown so as t o  avoid instrument errors .  

t i ons  can be so arranged that only t h e  two  magnitudes of i n t e re s t ,  namely, 

longitude and l a t i t ude ,  are exp l i c i t l y  obtained. From these  statements, it is 

obvious t h a t  such a calculat ion is  more complicated t h a n  conventional computa- 

t i o n s  i n  nautics . 

However, t he  calcula- 

In  addition, the basic  d i f f i c u l t y  of a l l  sa te l l i te  measurements f o r  p s i -  

t i o n  f ix ing  m u s t  be recal led,  namely, the  necessity of an accurate knowledge 

of t he  locus of t he  satell i te.  Doppler frequencies would be avoided i f ,  f o r  

example, a &-hour satel l i te  were avai lable  which would make one revolution 

about t h e  ear th  i n  24 hrs  and thus would remain always over exactly the  same 

meridian. 

gation, spec i f i ca l ly  s ince the  evaluation would be extremely simple and no accu- 

rate chronometry would be necessary. 

i.e., low-orbit  satell i tes,  will furnish useful  t e s t  data f o r  var ia t ions  i n  

d i r ec t ion  o r  range. However, one d i f f i c u l t y  here is  the  determination of accu- 

rate satel l i te  posit ions.  Even if the o r b i t a l  motion were en t i r e ly  regular  and 

could be predetermined over long periods of time, the  user  would need many such 

bas i c  da ta  and would have t o  make a careful  observation of t he  in s t an t s  of t i m e  

of t h e  measurement, so as t o  permit an in te rpola t ion  of t h e  s a t e l l i t e  coordi- 

nates. Such precalculations are impossible, s ince the  Trans i t  s a t e l l i t e s  f l y  

so low t h a t  t h e i r  o r b i t s  are perturbed i n  an u r i w I i i ~ ~ l h % l ~  iiwmz by dens,it.y 

f luc tua t ions  of t h e  exosphere. For t h i s  reason, the  inventors of t h i s  method 

equipped t h e  s a t e l l i t e  with computer memories which are fed every 12 hrs  with 

new data for ~ s i t i c r !  fi-i_r?g and transmit these i n  code t o  t h e  user; because of 

t h e  continuous-wave transmission, required i n  view of t h e  Doppler frequency 

measurements, t h i s  l a t t e r  problem presents no d i f f i c u l t i e s .  

Such a sa te l l i t e  would be excel lent ly  su i t ab le  f o r  d i rec t iona l  navi- 

A s  a general statement, rapidly moving, 

Much more d i f f i c u l t  

5 



and cos t ly  is t h e  required ground organization which is t o  furnish continuous 

t racking of t he  s a t e l l i t e s ,  calculate  t h e  o r b i t a l  data ,  and transmit these t o  

t h e  satel l i te  (Fig.4). In addition, t h e  work of t he  observer i s  mde d i f f i c u l t  

s ince he is  forced t o  make astronomical computations in order  t o  obtain i n i t i a l  

data  which then, i n  tu rn ,  are used together with t h e  t es t  data  f o r  the re la t ive-  

l y  complicated posi t ion f ixing.  

The most su i tab le  implement f o r  doing t h i s  work is  an electronic  computer; 

therefore ,  it i s  log ica l  that t h e  inventors of t he  Trans i t  method thought of t h e  

p s s i b i l i t y  of making more than fou r  observations, f o r  example, one tes t  datum 

every 6 sec. 

t i o n a l  equations. 

d i f fe ren t ia ted ,  of which only the  second i s  useful  f o r  on-board use, even i n  

the  presence of extensive computer equipment. I n  addi t ion  t o  taking in to  con- 

s idera t ion  t h e  o r b i t a l  motion i n  the  form of an  e l l i p s e  whose data a r e  renewed 

every 12 hrs, it i s  a l so  possible t o  consider t h e  perturbations that occur 

periodically.  

procedure, t h e  s t a t ions  were ab le  t o  derive geoid data  from the  observation 

material of t he  Transi t  s a t e l l i t e ,  which are equivalent t o  t h e  o p t i c a l  t e s t  

data .  On board, one has t o  be sa t i s f i ed  with t h e  e l l i p t i c  motion. I n  50 ob- 

servations,  it was possible t o  obtain one posi t ion f i x  w i t h  an accuracy t o  with- 

i n  ijS ni, i.~., tar; t L ~ c s  b e t t e r  thsn by celestial  navigation. O f  course, the  

expenditure is  excessive, f o r  which reason NASA f i n a l l y  gave up the  search f o r  

s impl i f ica t ion  of t h i s  nethod. 

more than one year  now, s o  t h a t  t h e  present s t a t u s  is  not known, much t o  t h e  

regre t  of t he  inventors. 

This permits compensation of an overdetermined system of condi- 

The r e s u l t s  a r e  extremely accurate. Two procedures can be 

& 
This is  being done by the various tracking s t a t ions .  With t h i s  

I n  addition, t h e  method has been c l a s s i f i ed  f o r  

It is  ra ther  l og ica l  t o  th ink  of range measurements with high-orbit sa te l -  

6 



l i t e s ,  i n  kAch  the  timing and o r b i t a l  computation is less d i  i cu l t .  I n  addi- 

t i on ,  a high-orbit sa te l l i te  i s  simultaneously v i s i b l e  over r e l a t ive ly  large 

regions of the  ear th  and thus useful  f o r  a navigation method i n  that it is  nuch 

more economical. In  t h e  case of range finding, t h e  pr inciple  used must be tha t  

of measuring t h e  t r a n s i t  time of  e l e c t r i c  s ignals .  

of two extremely accurate clocks, one o f  which is  housed i n  t h e  satel l i te  and 

t h e  o ther  on t h e  vehicle which is t o  do t h e  ranging. The clock i n  the  s a t e l l i t e  

would transmit cer ta in  s igna ls  which are  received on board and a r e  compared with 

t h e  on-board clock. 

difference w i l l  y ie ld  the  t r a n s i t  time f r o m  which, i n  turn,  t h e  range can be 

determined. 

The simplest concept is  t h a t  

If both clocks are  absolutely accurate,  t he  observed time 

Without such clocks but with an  on-board interrogat ion system i n  t h e  

satel l i te ,  a given vehicle on which ranging is  t o  be made would transmit an  in- 

te r roga t ion  s igna l  t o  t h e  satel l i te  t o  which t h e  s a t e l l i t e  would respond with 

a reply s ignal .  

re turn  of t h e  response pulse would be the  double t r a n s i t  time. 

has b u i l t  t h e  s a t e l l i t e  WSecor" f o r  geodetic surveying and has launched it into 

space. 

be simultaneously interrogated by several  users s ince confusion of t h e  signals 

would take  place. 

The time between emission of t he  interrogat ion signal and the  

The Cubic Co. 

One drawback is the  f a c t  that, i n  t h i s  method, a s ingle  satel l i te  cannot 

Coiivei-slsn of  t h e  t e s t  chta int.9 b s e  l i nes  i s  ra ther  simple; these a r e  

c i r c l e s  described about the  pertaining image point o f  t h e  satel l i te  and obtained 

f r o m  t h e  in te rsec t ion  of t h e  ear th  with a cone whose generatr ix  is  t h e  dis tance 

t o  be measured. Two such c i r c l e s  w i l l  then yield the  position. If only /6 
s a t e l l i t e s  were available,  t w o  successive measurements a t  a cer ta in  time in te rva l  

would be required, which might impair t h e  accuracy. I n  addition, t h e  timing 



and t h e  computational e f fo r t  would be highly complex. 

t h e  b r i l l i a n t  idea of assigning the  interrogat ion of t he  s a t e l l i t e  and the  com- 

putat ional  work f o r  posi t ion f i x i n g  t o  the  ground s t a t ions  which are anyhow i n  

operation f o r  continuous t racking  of  t h e  satell i tes.  

is  bes t  informed as t o  t h e  instantaneous posit ion of the  s a t e l l i t e s .  

t h e  projects ,  it i s  now hoped t o  do the e n t i r e  work with six ground s t a t ions ,  

which are located i n  t h e  zone of ac t ion  of a t  least two s a t e l l i t e s  and thus a r e  

ab le  t o  supply a ce r t a in  ground d i s t r i c t  with da t a  (Fig.5) . 
serva t ion  of two s a t e l l i t e s  has not only t h e  grea t  advantage of d i r e c t  posi t ion 

f i x i n g  but a l s o  of more uniform accuracy r a t io s .  One of t h e  pro jec ts  schedules 

24 s a t e l l i t e s  with an  o r b i t  of about 10,000 km, which would y ie ld  a f a i r l y  com- 

ple te  coverage of t he  ea r th  (Fig.6). 

Therefore, NASA developed 

The crew i n  such s t a t ions  

I n  one of 

Simultaneous ob- 

I n  such a method, t h e  pos i t ion  f ix ing  would proceed as follows: The user 

repor t s  t o  t h e  nearest  ground s t a t i o n  that he des i r e s  t o  obta in  a f i x  with ar t i -  

f i c i a l  satell i tes.  

w i l l  t r a n s m i t  pulses i n  succession t o  two s a t e l l i t e s  above t h e  horizon of t he  

vehicle,  which a r e  then retransmitted by the  s a t e l l i t e s  t o  t h e  vehic le  i n  ques- 

t i on .  On board t h i s  vehicle, without pa r t i c ipa t ion  of t h e  crew, t h e  pulses are 

picked up by a r e l a t i v e l y  simple and cheap in te r roga tor  which re turns  a rep ly  

t o  t h e  sa te l l i t e  where it is received and repeated. 

A t  a ce r t a in ,  very s h o r t  time in t e rva l ,  t h e  ground s t a t i o n  

The ground s t a t i o n  receives 

t h e  pulses twice: -'-- L I E  I I L . ~ ~  C 2 - a  uIuG vkez t ~ r r c m i t . t . a d .  f r o m  t h e  s a t e l l i t e  and the  

second t i m e  when repeated by t h e  s a t e l l i t e .  

t r a n s i t  time f r o m  s a t e l l i t e  t o  vehicle. 

mpas1urement.s .. computes t h e  p s i t i o n  o f  t h e  vehicle i n  question and transmits 

t h e  r e s u l t  t o  there .  

The in te rva l  of time is  t h e  double 

The ground s t a t ion ,  using two such 

This method rrakes t h e  ground s ta t ions  do a l l  the  work; however, t h i s  is  

8 



a l so  the  case i n  the  Transi t  method except t h a t  now t h e  ground s t a t ions  a l so  

have t h e  funct ion of surveil lance o f  the communication between the  various 

vehicles within t h e i r  radius of action. 

poss ib i l i t y  of ensuring air  sa fe ty  control over t he  e n t i r e  oceans, which up t o  

now had been r a the r  spotty. 

safe distances is  navigation by a i r c r a f t .  0 
it is  d i f f i c u l t  t o  define the  accurate locat ion of t he  a i r c r a f t .  T h i s  s i t ua t ion  

could be grea t ly  improved and a closer  deployment of aircraft made possible by 

the  new method. A ce r t a in  mi l i ta ry  drawback might be the  f a c t  t h a t  t h e  in te r -  

rogating vehicle reveals its own position; f o r  t h i s  reason, one var ian t  provides 

f o r  a t ransi t - t ime difference method i n  which two s a t e l l i t e s  synchronously 

transmit pulses, which is done by proper control f r o m  the  ground. 

these s a t e l l i t e s  f o c i  of  a family of two-sheet hyperboloids which, on ear th ,  

yield hyperboloid l i n e s  as base l i nes .  

t he  f a c t  that the  highly complicated work-up of t he  data  must be done by t h e  

crew 

This obviously y ie lds  an excel lent  

Today, the only means of keeping the  necessary 

I n  t h e  case of an a i rp lane  crash 

This makes 

The main disadvantage of t h i s  method is  

It i s  not surpr is ing t h a t  only one of t he  th ree  firms has submitted t h i s  

par t icu lar  var ian t ;  t he  others  offered no such proposal. However, one of these 

provided not only f o r  ranging but also f o r  d i r ec t iona l  navigation over ar t i f i -  

cial satellites. 

wnicn pennit meavui:ciiieiita in a~zordnncc  x i th the m h i t . ~ a c k  method (Fig.7). 

f requent ly  mentioned d i f f i c u l t y  of  reference d i r ec t ion  i s  solved i n  t h i s  manner. 

The posi t ion of satel l i tes  with respect t o  the  ear th 's  surface,  f o r  various 

pi-qmses: has been extensively and sa t i s f ac to r i ly  s t ab i l i zed .  However, f o r  

d i r ec t iona l  navigation, the  accuracy must be s t i l l  greater .  It is a f a c t  that 

t h e  satell i tes are constantly tracked by ground s t a t ions  which can thus have 

For t h i s  purpose, t h e  s a t e l l i t e  is  equipped w i t h  antennas 

The 
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t h e  satel l i te  determine t h e i r  own direct ion t o  t h e  s a t e l l i t e .  The r e s u l t  w i l l  

give data  on t h e  corresponding location of t he  antennas i n  space, which can 

then be introduced in to  t h e  posi t ion f ixing process. 

This la t ter  method permits simultaneous measurements with a s ingle  satel- 

l i t e  which l a t t e r ,  theore t ica l ly ,  even provides three simultaneous tes t  da ta  

and thus gives a poss ib i l i t y  of determining t h e  height of a given a i r c r a f t  above 

sea l eve l  as the  t h i r d  unknown. For t h i s  reason, t h i s  par t icu lar  project  

schedules a much smaller number of s a t e l l i t e s ,  j u s t  s u f f i c i e n t  t o  have one 

sa te l l i t e  everywhere above the  horizon a t  a l l  times f o r  posi t ion f ix ing  (Fig.8), 

I n  any case, these projects  promise a more general  usefulness and thus /E3 
improved 

grea te r  economy. One m r e  point i n  favor i s  the  f a c t  t h a t  the,air  s a fe ty  con- 

t r o l  o f f e r s  p o s s i b i l i t i e s  of a much closer spacing of transoceanic a i r  t r a f f i c .  

It can be expected t h a t  p rac t i ca l  experiments will be s t a r t ed  i n  the  very near 

fu ture .  This spec i f i ca l ly  concerns a n  expansion f o r  t h e  Secor s a t e l l i t e s ,  which 

are already i n  o r b i t .  
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